tuted 60 to 65% of the total material in the library (Fig. 4B) . Similarly, host 7 can be produced in Ͼ95% yield from a small library prepared by oxidizing dithiol 1 in the presence of guest 5 (Fig. 4D ). In the absence of the guest, this trimeric host is produced in only 6% yield (Fig. 4C) .
were suspended in water and 1 equivalent (with respect to the number of carboxylic acids) of a 1.0 M NaOH solution was added. After all dithiol had dissolved, the pH was adjusted to 8.5 and, where appropriate, the guest (5 to 10 mM) was added. The mixtures were then allowed to oxidize and equilibrate for 3 to 5 days by stirring in an open vial. Evaporated water was replenished every day. 25 . Dithiothreitol (DT T; 15 mol%), a reagent for the selective reduction of disulfides to thiols, was added to speed up the exchange process. 26 Fluorescence has been observed directly across the band gap of semiconducting carbon nanotubes. We obtained individual nanotubes, each encased in a cylindrical micelle, by ultrasonically agitating an aqueous dispersion of raw singlewalled carbon nanotubes in sodium dodecyl sulfate and then centrifuging to remove tube bundles, ropes, and residual catalyst. Aggregation of nanotubes into bundles otherwise quenches the fluorescence through interactions with metallic tubes and substantially broadens the absorption spectra. At pH less than 5, the absorption and emission spectra of individual nanotubes show evidence of band gap-selective protonation of the side walls of the tube. This protonation is readily reversed by treatment with base or ultraviolet light.
Single-walled carbon nanotubes are elongated members of the fullerene family (1) that are currently the focus of intense multidisciplinary study because of their unique physical and chemical properties and their prospects for practical applications (2) . A major obstacle to such efforts has been the diversity of tube diameters, chiral angles, and aggregation states in nanotube samples obtained from the various preparation methods. Aggregation is particularly problematic because the highly polarizable, smooth-sided fullerene tubes readily form parallel bundles or ropes with a van der Waals binding energy of ϳ500 eV per micrometer of tube-tube contact (3, 4) . This bundling perturbs the electronic structure of the tubes, and it confounds all attempts to separate the tubes by size or type or to use them as individual macromolecular species. Although efforts from this laboratory (5, 6) and others (7-12) have reported some progress in producing suspensions enriched in individual fullerene tubes, available samples have still been dominated by small nanotube bundles. What is needed is a procedure that detaches tubes from bundles by physical means, applies a nonperturbing coating to prevent reaggregation, and then removes from the solution any remaining bundles. We describe a method based on vigorous treatment with a sonicator followed by centrifugation, primarily yielding individual fullerene nanotubes in aqueous micellar suspensions.
Freed from the perturbation of surrounding tubes and surfaces, the tubes in these suspensions show much better resolved optical absorption spectra. Most importantly, the one-dimensional direct band gap semiconducting tubes in these samples are now found to fluoresce brightly in the 800-to 1600-nm wavelength range of the near infrared, a region important in fiber optic communications and bioimaging.
Raw nanotube product from a high-pressure CO reactor [the HiPco process (13)] was dispersed in 200 ml of aqueous sodium dodecyl sulfate (SDS) surfactant [1% by weight (1 wt %)] by 1 hour of high-shear mixing (Polyscience X-520). The resulting dispersion was then treated in a cup-horn sonicator (Cole Palmer CPX-600) for 10 min at a power level of 540 W. Immediately after sonication, samples were centrifuged (Sovall 100S Discovery Ultracentrifuge with Surespin 630 swing bucket rotor) at 122,000g for 4 hours. The upper 75 to 80% of supernatant was then carefully decanted, leaving micelle-suspended nanotube solutions at a typical mass concentration of 20 to 25 mg/l. For some experiments, these nanotube samples were further processed for competitive wrapping with a polymer (6), simply by adding ϳ1 wt % of 40-kD poly(vinylpyrrolidone) (PVP) to the SDS suspension. Analysis of samples by atomic force microscopy showed most nanotubes to be 80 to 200 nm long, with an average length of 130 nm. This length distribution is typical of heavily sonicated fullerene nanotubes from a wide range of sources and is believed to arise from sonication-induced tube cutting. However, spectra of these samples, including Raman features such as strong radial breathing modes (RBM) and the near absence of the "disorder peak" near 1330 cm -1 (14) , strongly suggest that this sonication has not substantially damaged the tube side walls. Transmission electron microscopy (TEM), x-ray diffraction, and RBM Raman measurements indicate tube diameters between 0.7 and 1.1 nm, which is typical of the single-walled nanotubes made by the HiPco technique (13, 15) .
As illustrated by Fig. 1 , an individual fullerene nanotube encased in a close-packed columnar SDS micelle has a specific gravity of approximately 1.0, whereas that of an SDS-coated seven-tube bundle is approximately 1.2. Therefore, centrifugation brings bundles to the bottom of the centrifuge tube, leaving a supernatant highly enriched in single nanotubes, even in D 2 O (density 1.10 g cm -3 ). Typical samples also contain 3-to 5-nm diameter iron particles, each coated with 1 or 2 atomic layers of carbon. In SDS micelles, these residual catalyst particles have a density near 2 to 3 g cm -3 and thus also sediment out upon centrifugation.
Our SDS suspensions of individual nanotubes were found to be much more stable than suspensions of nanotube bundles produced by milder sonication (5) . Samples containing 20 mg/l of nanotubes in 1% SDS survive heating to 70°C, addition of up to 40% methanol, NaCl concentrations up to 200 mM, and MgCl 2 concentrations up to 10 mM for periods of greater than 24 hours without flocculation.
The environment of nanotubes in SDS micelles was modeled through molecular dynamics simulations. We performed computations with the CHARMM package (16) and constant-pressure-constant-temperature algorithm (17), using ambient condition parameters (300 K, 1 atm). A modified TIP3P model (18) was used for the potential function of the water molecules. The nanotube wall was simulated by a smooth cylinder with a van der Waals potential appropriate for the side of aromatic carbon rings. The total simulation run was 0.4 ns. Figure 1C shows a typical snapshot of the cross section of the simulation cell, and Fig. 1D shows the density profiles of key components. The hydrophobic tails of the SDS molecules can adopt a wide range of orientations with respect to the tube. Significant probability is observed for the SDS molecules to bend and even to turn around, i.e., for the carbon atoms to reach the average radial position of sulfur atoms. In addition, the water molecules have a small probability to penetrate into the hydrophobic Fig. 1 . Cross-section model of (A) an individual fullerene nanotube in a cylindrical SDS micelle and (B) a seven-tube bundle of fullerene nanotubes coated by a layer of SDS. The approximate density of these species is 1.0 and 1.2 g cm -3 , respectively. A molecular dynamics simulations of water and the SDS micelle around an individual (8, 8 ) nanotube (C) shows the nanotube as it would exist in a water-free hydrocarbon environment. This figure was prepared using the software Molscript (32) and rendered by Raster3D (33) . (D) The number density profiles for SDS carbon atoms, sulfate head group atoms, water molecules, and sodium ions. The abscissa, R, is measured from the center of the nanotube. The arrow indicates the position of the nanotube wall.
tails, reaching as far as the center of the hydrocarbon distribution. This water penetration is significantly deeper than is found in a simulation of pure cylindrical SDS micelles (19) . However, no water density was observed in the direct vicinity of the tube, so individual fullerene nanotubes are essentially in a pure hydrocarbon environment that provides a superb medium for spectral studies.
As is seen in traces A, B, and C of Fig. 2 , the electronic absorption spectrum of decanted supernatant samples shows more pronounced structure than the sample of trace D, which was prepared without centrifugation and is apparently dominated by tube bundles. We interpret the spectral structure as a superposition of distinct electronic transitions from a variety of fullerene nanotubes isolated within columnar SDS micelles. Theory predicts that the electronic structure of a single-walled carbon nanotube, including semiconducting versus metallic character, depends on the diameter and chiral wrapping angle describing its construction from a graphene sheet (14) . Quasi one-dimensionality causes the electronic density of states to have a series of sharp van Hove maxima at energies dependent mainly on tube diameter. The optical absorption spectrum of a particular tube is expected to be dominated by a series of relatively sharp interband transitions, at energies denoted E 11 , E 22 , etc., associated with those van Hove singularities (20) . The spectra shown in Fig. 2 are consistent with this expectation, with the first van Hove transitions, E 11 , of the direct band gap semiconducting tubes falling in the 800-to 1600-nm wavelength range, slightly overlapping the 550-to 900-nm region of their E 22 transitions. The lowest energy van Hove transitions of the metallic tubes appear between ϳ400 and 600 nm.
Our observed spectra depend systematically on the high-pressure reactor conditions used to make the sample, on the suspending agent, and on the pH of the solution. In traces A and B of Fig. 2 , we plotted absorption spectra of two reactor batches made at CO pressures of 50 and 30 atm, respectively, that are known to differ in average tube diameter. The absorption peaks in these two spectra match exactly in wavelength but differ substantially in relative intensity. This indicates that the peaks arise from specific tube species common to both samples, with smaller diameter tubes more abundant in the higher pressure sample, A. Trace C shows that addition of PVP to the SDS micelles causes the peaks at wavelengths beyond 900 nm to redshift and broaden, reflecting a more polarizable and inhomogeneous environment. Trace D, the spectrum of aggregated nanotubes in SDS micelles, shows features still more red-shifted and so broadened that little structure can be discerned. We attribute this broadening to interactions between bundled tubes in side-by-side van der Waals contact (21) .
Acidic solutions with pH Ͻ 3 display absorption spectra containing only broad, unstructured absorption in the first van Hove region, E 11 . However, the structured spectrum recovers upon neutralizing the solution to pH Ͼ 7, and this effect was found to be reproducible for many cycles. We believe that this pH sensitivity reflects reversible side wall protonation of the fullerene nanotubes. The larger diameter (smallest band gap) semiconducting tubes protonate first as pH is decreased and deprotonate last as pH is increased.
In contrast to previous studies (22) (23) (24) (25) (26) , the individual fullerene nanotube samples were found to display a bright, structured photoluminescence in the near infrared. Figure 3 plots the spectrum of this emission from nanotubes in SDS micelles in D 2 O after pulsed laser excitation at 532 nm. Comparison with the overlaid absorption spectrum of the same sample reveals a striking correspondence. Each absorption component in the spectral region of first van Hove "band gap" transition of the semiconducting tubes, E 11 , is present in the emission spectrum, red-shifted by only ϳ45 cm Ϫ1 (27). Therefore, we assign the emission to semiconducting nanotubes. The individual components of the emission spectrum appear to have widths of approximately 0.025 eV, or 200 cm Ϫ1 , very close to the value of thermal energy, k B T for these room temperature samples.
The shortest wavelength emission feature in Fig. 3 , corresponding to the band gap of the smallest diameter semiconducting nanotube species readily detectable in our sample, peaks near 875 nm (1.42 eV). Given that TEM and Raman studies show the smallest diameter tubes in these HiPco samples to be no smaller than 0.7 nm, our optical E 11 value is surprisingly large compared with previous scanning tunneling spectroscopy (STS) measurements of the band gaps of selected individual semiconducting tubes on gold surfaces (2, 28, 29) . We find that photoluminescence intensity is dramatically reduced by aggregation of the isolated nanotubes or by acidification of the SDS micellar suspension. Bright emission requires vigorous cup-horn sonication to unbundle aggregates into isolated nanotubes. We presume that the presence of a metallic nanotube within a bundle will quench electronic excitation on an adjacent semiconducting tube, preventing its luminescence. Although the differential sedimentation technique used here may not completely remove micelle-coated small bundles of two or three nanotubes in side-by-side van der Waals contact, the detailed overlap between the fluorescence and absorption spectra shown in Fig. 3 leads us to believe that our samples contain mainly micelle-coated individual tubes. Otherwise, energy transfer within bundles would have shifted much of the emission intensity to longer wavelengths characteristic of the smaller band gap tubes. Emission from SDSsuspended samples is most intense in basic solution, becomes undetectable at pH 3, and is restored above pH 7. Emission peaks at longer wavelengths (from nanotubes with the smallest band gaps) show the strongest sensitivity to acidification. We also find that ultraviolet (UV) light from a low-pressure mercury pen lamp is highly effective in restoring photoluminescence from protonated tubes in SDS micelles. This effect appears similar to the previously reported UV photodesorption of O 2 and other small molecules from single-walled nanotubes (30) . PVPwrapped nanotubes, dissolved either in water or in a solid film of PVP, show band gap luminescence efficiencies comparable to those of SDS-suspended samples.
The characteristic luminescence lifetime is found to be less than 2 ns, and we estimate a quantum yield on the order of 10
Ϫ3 . Therefore, we classify the luminescence as fluorescence: spin-allowed emission from singlet excitons. This assignment is consistent with the very small spectral shift between absorption and emission, which also implies only minor geometrical differences between the ground and excited electronic states.
Optical excitation of a semiconducting nanotube in its second van Hove transition, E 22 , will be followed by rapid electronic relaxation before emission in the first-branch transition, E 11 . Therefore, by monitoring the intensity of a specific (first-branch) emission peak as a function of excitation wavelength within the second van Hove branch, one can identify the secondbranch transition energy of the nanotube that gives that first-branch emission. Figure 4 , which illustrates such an excitation spectrum for the 875-nm first-branch emission peak, shows a distinct, nearly lorentzian secondbranch feature centered at 581 nm, giving a E 22 /E 11 value for this particular tube of 1.51. Extensive fluorescence excitation measurements, similar to Fig. 4 , are now in progress for the entire range of emission features from these micelle-suspended tube samples. Early results show that the E 22 /E 11 ratio varies widely but averages to a value near 1.7, in contrast to the value of 2.0 predicted by tight binding theory (2) . This difference may reflect nanotube exciton effects (31) .
The observed nanotube fluorescence intensity was found to depend nonlinearly on the excitation intensity. Using 8-ns laser pulses at 532 nm, we observe that emission increases nearly linearly for energy densities below 0.1 mJ cm -2 but sublinearly at higher excitation levels, with an emission efficiency at 6 mJ cm -2 only ϳ25% of that found for weak excitation. Further studies will be needed to explore this nonlinear behavior, which probably reflects annihilating interactions between multiple excitons on individual nanotubes.
3
Climate reconstructions reveal unprecedented warming in the past century; however, little is known about trends in aspects such as the monsoon. We reconstructed the monsoon winds for the past 1000 years using fossil Globigerina bulloides abundance in box cores from the Arabian Sea and found that monsoon wind strength increased during the past four centuries as the Northern Hemisphere warmed. We infer that the observed link between Eurasian snow cover and the southwest monsoon persists on a centennial scale. Alternatively, the forcing implicated in the warming trend (volcanic aerosols, solar output, and greenhouse gases) may directly affect the monsoon. Either interpretation is consistent with the hypothesis that the southwest monsoon strength will increase during the coming century as greenhouse gas concentrations continue to rise and northern latitudes continue to warm.
Major departures from normal seasonal rainfall seriously affect the agricultural output and economy of southwest Asia, which receives most of its annual rainfall during the summer monsoon season. Although decadal variations can be resolved in the instrumental record, little is known about centuries-long trends. Changes in the monsoon over thousands to millions of years can be reconstructed using sediments from the northwestern Arabian Sea, where upwelling driven by the monsoon winds deposits a unique fossil record. Changes in the monsoon over millions of years have been attributed to uplift of the Tibetan Plateau, which altered the 
